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Bionic artificial hand
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What can an amputee get today?
Hand Prosthesis

Prosthetic Hands

Passive Active

Cosmetic Body-powered Myoelectric



Mechatronic
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Design issues: adaptability

21 DoF

Problem: It’s an hard task to design, actuate, and control a self-contained artificial hand
with a number of degrees of freedom (DoF) equal or close to those in the biological human
hand!

22 muscles …+ 18 Possible solutions (to simplify the problem):

• Cut DoFs; Rigidly couple DoFs;

• Implement adaptable mechanisms.

Hand adaptation mechanisms

Finger adaptation mechanisms
Phalanx adaptation

mechanisms

Adaptation also improves grasp stability as it
increases the contact areaswhile grasping

Underactuated mechanisms



Mechatronic
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Design issues: non back drivability

Lead Screw Worm Gear
Gear heads with high

reduction rate
Brakes/
clutches

In a prosthesis it allows to maintain the grasp once the power supply is switched off
Non back drivable transmission = Power saving!= key in prosthetics!

Mechanisms wherein motions generated by the input (motor) drive are
transmitted to the output (i.e. fingers) and wherein motions originated

from the output are blocked

NBDMInput Output
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Sensory feedback

Real-time, and natural feedback from the hand prosthesis to the user is
essential in order to enhance the control and functional impact of
prosthetic hands in daily activities, prompting their full acceptance by the
users

Kwok, Nature, 2013
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Targeted Muscle Reinnervation

Kuiken et al., 2007, 2008
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First intraneural experiment
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Closed-loop control based on sensory feedback

• Test the possibility for the subject to
use the sensory information during
closed-loop control and
manipulation experiments

Azzurra dexterous hand
(Prensilia srl)



Restoration of proprioception and tactile
feedback



Embodiment

G. RogniniO. Blanke



Human touch system
• Natural sensors fibers convey detailed information about
contact events and provide us with an exquisite sensitivity
to the form and surface properties of grasped objects

• During object manipulation and tactile exploration, the
glabrous skin of the hand undergoes complex
spatiotemporal mechanical deformations, which in turn,
drive very precise spiking responses in individual afferents

• Coarse object features, such as edges and corners, are
reflected in spatial patterns of activation in slowly adapting
type I (SA1) and rapidly adapting (FA) fibers, which are
densely packed in the fingertip

• At the same time, interactions with objects and surfaces
elicit high-frequency, low-amplitude sur-face waves that
propagate across the skin of the finger and palmand excite
vibration-sensitive Pacinian (PC) afferents all over thehand



Biomimetic encoding strategy



Biomimetic encoding strategy

Saal et al., PNAS, 2017



Biomimetic encoding strategy

Valle et al., Neuron, 2018



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Restoring perception of real textures

Oddo et al., eLIFE, 2016
Mazzoni et al., Sci Rep, 2019



Restoring perception of real textures

Implanted interfaces
can also be used to
understand basic
principles



Effects of cognitive load



Effects of cognitive load



Bidirectional neurocontrolled
handprostheses
“Multimodal” sensory
feedback
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Iberite et al., Science, 2023



Bidirectional neurocontrolled
handprostheses
“Multimodal” sensory
feedback
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Muheim et al., MED, 2023



Bidirectional neurocontrolled
handprostheses
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Muheim et al., MED, 2023



NEXTSTEP –Going chronic at home
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Bidirectional neurocontrolled
legprostheses
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Bidirectional neurocontrolled
legprostheses
Sensory feedback
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Bidirectional neurocontrolled
legprostheses
Sensory feedback
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Petrini et al.,
Science Trans Med, 2019



Bidirectional neurocontrolled
legprostheses
Sensory feedback
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Walking speed and self-reported confidence increased while
mental and physical fatigue decreased for both participants

Participants exhibited reduced phantom
limb pain with neural sensory feedback.

Petrini et al., Nature Medicine, 2019



Bidirectional neurocontrolled legprostheses
Sensory feedback
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Valle et al., Nature Comm, 2024

…This was probably caused by the
different composition of the fibers
activated by the electrode channels in the
different foot regions.

…We hypothesized that not only the
proportion of SA and FA fibers is relevant
but also their role in
encoding touch information in that
specific region.



Bidirectional neurocontrolled legprostheses
Sensory feedback
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Valle et al., Nature Comm, 2024



▪ As a methodology of improving efferent 
(neural pathways that relay commands 
from the central nervous system to a 
muscle or other end organ) prosthetic 
control and providing afferent 
proprioceptive sensation, we present an 
agonist-antagonist myoneural interface 
(AMI)

▪ An AMI is made up of an agonist and an 
antagonist muscle tendon connected 
mechanically in series: When the agonist 
contracts, the antagonist is stretched and 
vice versa

▪ The purpose of an AMI is to control and
interpret proprioceptive feedback from a
bionic joint.

Agonist-antagonistmyoneural interface 37

Clites et al., Science Trans Med, 2018



▪ (A) Schematic of the prosthesis-in-the-loop control 
architecture, in which afferent feedback of prosthetic 
joint torque is provided via FES of the antagonist 
muscle. The patient perceives this stimulation as a 
natural sensation of ankle torque

▪ (B) Magnitude estimation of perceived dorsiflexion 
torque as a function of stimulation current delivered
to the tibialis anterior

▪ (C) Discrimination performance as a function of 
differences in stimulation current

▪ (D) Representative sample traces of lateral 
gastrocnemius EMG (blue), torque (purple), and 
stimulation current (green) during closed-loop torque 
control trials for the “stimulation on” (n = 79 total
trials) and “stimulation off” (n = 79 total trials) cases

▪ (E) Summary data for closed-loop torque control 
trials in each of the stimulation on (n = 79 trials), 
stimulation off (n = 79 trials), and “unaffected limb” (n
= 80 trials) cases

Agonist-antagonistmyoneural interface –
Closed-loop torque control

38

Clites et al., Science Trans Med, 2018



Human touch system



Spinal cord stimulation



Performance good (maybe a bit less than PNS
stimulation) BUT with a clinically accepted
surgical procedure



Stimulation of the cuneate for sensory
feedback



Stimulation of the cuneate for sensory
feedback



Brain-to-machine-to-brain interface



Brain-to-machine-to-brain interface
The somatosensory homunculus comprises four
body maps, one each in Brodmann areas 3a, 3b, 1
and 2, which exhibit proprioceptive responses
(area 3a), cutaneous responses (areas 3b and 1) or
both (area 2).

Sobinov and Bensmaia
Nat Rev Neuro, 2021



Goal-selection in cortical neural prostheses



47Translational Neural Engineering

Intracortical sensory feedback

Intracortical sensory
feedback is possible but
the performance are still
limited

O’Doherty et al., 2011



Brain-to-machine-to-brain interface in a
quadriplegic subject



Brain-to-machine-to-brain interface in a
quadriplegic subject



Brain-to-machine-to-brain interface in a
quadriplegic subject



Closed-loop BMI

Flesher et al., Science, 2021



Closed-loop BMI

Flesher et al., Science, 2021

Closed-loop feedback BMI
shows a significant
improvement in motor
performance



Biomimetic cortical stimulation

Greenspon et al., under review



Biomimetic cortical stimulation

Greenspon et al., under review



Muscular control of artificial limbs
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▪ N antagonist muscles are used to control 1 degree of
freedom of the prosthesis (hand opening/closing). Often
biceps/triceps or wrist extension/flexion

▪ An increased number of required movements makes very
difficult to use this approach

Hand prosthesis – Proportional control
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▪ In this case, the muscles naturally involved in the specific movement
(e.g. ECR for the extension of the wrist) are no more available

▪ For this reason, “not- homologous” voluntary movements of the
subject have to be coded as prosthesis movements (e.g. extension of
the elbow for the extension of the wrist)

▪ This approach requires a quite long training phase and makes very
difficult for the subject to easily control more than two degrees of
freedom

Hand prosthesis – Pattern recognition
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EMG control –Muscle and feature selection

PCA or similar could be
necessary to select few
more information muscles
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▪ Supervised learning classifier to link EMG signals (features) to desired hand
movements

▪ More or less anything has been tried (including majority voting)

▪ Make a fair comparison!!

EMG control – Classifier selection
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EMG control – A little help?

§ Single finger decoding 
using EMG signals 

§ One implanted patient from 
UCSC - Loretana

§ Two patients from 
collaboration with hospitals 
Chuv (Lausanne, CH) and 
Villa Beretta (Lecco, Italy)
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EMG shared control

When a hand is not contacting an object, the
user controls the robotic hand with the output
of EMG decoding

When the hand makes contact with an object,
the compliance controller automates hand
conformation around the object, allowing a
high degree of grasp stability
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▪ Clinically available myoelectric control strategies do not allow simultaneous movement of
multiple degrees of freedom (DOFs)

▪ The use of implantable devices that record intramuscular EMG signals could overcome this
constraint

▪ Intramuscular EMG signals can be recorded using percutaneous fine wire electrodes inserted
using needles

▪ The use of iEMG can allow to use proportional control (but of course also pattern recognition)

Intramuscular EMG (iEMG) control

Smith et al., 2014
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•Sense myoelectric signal at its source, so it acts as
an amplifier of the neural command.

•Use inductive coupling to pass power into devices
and signal out of device w/o breaking the skin

Intramuscular EMG (iEMG) control

Smith et al., 2014

Multifunction Prosthesis Control Using 
Implanted MyoElectric Sensors (IMES)

RF BION® Package
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▪ A surgical technique called targeted muscle reinnervation (TMR) transfers residual
arm nerves to alternative muscle sites

▪ After reinnervation, these target muscles produce electromyogram (EMG) signals
on the surface of the skin that can be measured and used to control prosthetic
arms

Targetedmuscle reinnervation (TMR)

Kuiken et al., 2007



Bidirectional neurocontrolled
legprostheses
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Conclusions

• Artificial limbs can be bidirectionally controlled in
several ways

– Non-invasive interfaces for decoding (EMG, EEG) and
encoding (vibrators, transcutaneous electrical
stimulation)

– Invasive interfaces for decoding and encoding (ECoG,
intracortical, peripheral implants)

• The choice must be done taking into account the
residual skills of the subjects AND their
preferences

• The different neurotechnological “tools” must be
integrated accordingly


